using custom software. Additional retinal images were obtained using spectral domain optical coherence tomography (SD-OCT), and the four layers of the photoreceptor-retinal pigment epithelium complex (ELM, IS/OS, RPE1, RPE2) were evaluated. Cone photoreceptor length and the thickness of intraretinal layers were measured and compared to previously published normative data. RESULTS. The adult male subject had infantile onset nystagmus while the three other patients did not. In the adult male patient, a normal appearing cone mosaic was observed. However, the three other subjects had a sparse mosaic of cones remaining at the fovea, with no structure visible outside the central fovea. On SD-OCT, the adult male subject had a very shallow foveal pit, with all major retinal layers being visible, and both inner segment (IS) and outer segment (OS) length were within normal limits. In the other three patients, while all four layers were visible in the central fovea and IS length was within normal limits, the OS length was significantly decreased. Peripherally the IS/OS layer decreased in intensity, and the RPE1 layer was no longer discernable, in keeping with the lack of cone structure observed on AO imaging outside the central fovea. CONCLUSIONS. Findings are consistent with the visual deficits being caused by a reduced number of healthy cones in the two brothers and the adult female. In the unrelated adult subject, no structural basis for the disorder was found. These data suggest two distinct groups on the basis of structural imaging. It is proposed that the former group with evidence of a reduction in cone numbers is more in keeping with typical OT, with the latter group representing an OT-like phenotype. These two groups may be difficult to readily discern on the basis of phenotypic features alone, and high-resolution imaging may be an effective way to distinguish between these phenotypes. (Invest Ophthalmol Vis Sci. 2011;52:4757-4764) DOI: 10.1167/iovs. T he cone dysfunction syndromes are a heterogeneous group of disorders characterized by an early-onset reduction in central vision associated with a variable degree of photophobia and nystagmus, normal fundus examination, and reduced or absent cone responses with normal rod function on electroretinography.
1 As expected, the abnormal cone function observed in these conditions results in markedly reduced or absent color discrimination, with the degree and pattern of color loss being helpful in differentiating between these disorders. 1 In contrast, oligocone trichromacy (OT) is an unusual cone dysfunction syndrome, characterized by normal or nearnormal color vision despite an absent or reduced cone electroretinogram. [1] [2] [3] [4] [5] [6] [7] [8] [9] It has been proposed that these patients have a reduced number of normal functioning cones (oligocone), with preservation of three spectrally distinct types of cone permitting 4 Ophthalmology, 6 Biophysics, andtrichromacy. 2 Evidence in support of this hypothesis has been obtained by Keunen et al., 4 who observed reduced foveal cone photopigment density with a normal time constant of photopigment regeneration in all four tested patients. In the majority of patients who have been studied in detail to date, color vision tests have revealed either completely normal color vision or slightly elevated discrimination thresholds. [2] [3] [4] [5] [6] [7] [8] [9] Slightly elevated discrimination thresholds are compatible with a reduction in cone number. Further evidence is available from anomaloscopy, which in one study was undertaken in all six subjects and revealed matching ranges within normal limits, 6 indicating the presence of long-and middle-wave cones of normal spectral sensitivity at the macula; while the absence of pseudoprotanomaly suggests that photopigment is present at normal optical densities in individual cone photoreceptors. These findings when taken together support the hypothesis of a reduced number of foveal cones with otherwise normal functioning residual cones.
In the majority of patients identified to date, no clear underlying molecular genetic basis has been identified. There is some evidence suggesting that in limited cases hypomorphic mutations in genes associated with the recessive cone dysfunction syndrome, achromatopsia, may be involved (GNAT2, CNGA3, CNGB3, and PDE6C). 7, 9, 10 However, some of these cases arguably have features more in keeping with incomplete achromatopsia per se, rather than OT. In addition, only single heterozygous missense variants have been identified in other subjects, thereby rendering their significance currently uncertain. 7, 10 Recently, optical coherence tomography (OCT) has been used in an attempt to probe the structural basis of OT. Andersen et al. 7 obtained images in four individuals and found that retinal thickness was normal at the fovea but mildly reduced in the parafoveal and perifoveal regions. A general reduction in retinal layer reflectivity was also observed, with no other notable abnormalities in the appearance of the different layers. 7 Vincent et al. 9 examined a single case of OT and also reported qualitatively normal OCT images. It thus remains unclear whether the reduced cone function in OT is due to a reduced number of cones or whether the cones are present but not functioning normally.
In this study we used adaptive optics retinal imaging to directly assess the integrity of the cone photoreceptor mosaic in four patients with OT. In addition, spectral domain OCT was used to assess the integrity of the intraretinal layers, including quantitative analysis of the photoreceptor inner and outer segment lengths. While the phenotypic heterogeneity described extends to the cellular level, our findings demonstrate an important role for high-resolution imaging of photoreceptor structure in more accurate classification of the phenotype in OT and other related photoreceptor disorders.
PATIENTS AND METHODS

Patients
This study followed the tenets of the Declaration of Helsinki (1983 Revision) and was approved by the local ethics committees. Informed consent was obtained from all subjects after the nature and possible consequences of the study were explained. We examined four patients, whose clinical phenotype has been previously described in detail.
6,7 JC-160 and JC-161 (brothers) are patients 1 and 2, respectively, in the report by Michaelides et al. 6 JC-071 is patient A and RB-1002 is patient E in the publication by Andersen et al. 7 For reference, a brief summary of the clinical findings is shown in Table 1 .
Methods
Adaptive Optics Retinal Imaging. Images of the photoreceptor mosaic were obtained using one of two identical adaptive optics (AO) fundus cameras (housed at the Medical College of Wisconsin and Buskerud University College) employing a previously described protocol. 12 In brief, in a continuous closed-loop fashion, the eye's monochromatic aberrations were measured over a 6.4 mm pupil with a Shack-Hartmann wavefront sensor and corrected for with a 52-channel deformable mirror (Imagine Eyes, Orsay, France). Once a wavefront correction was obtained, a retinal image was acquired by illuminating the retina with a 1.8°diameter, 500 ms flash of light controlled by a mechanical shutter. A back-illuminated, scientificgrade, 12-bit charge-coupled device (CCD) (Cam1M100-SFT, Sarnoff Corporation, Princeton, NJ) captured images of the retina; acquisition was triggered electronically via a computer-controlled D/A module (DT9854; DataTranslation, Marlboro, MA) and associated driver circuit. This CCD is a frame transfer camera with a light-sensitive area of 1024 ϫ 512 pixels. During each 500 msec shutter-controlled exposure, continuously triggered images of the retina were collected at a frame rate of 167 Hz with a 6 msec exposure.
Images were collected at different locations across the central fovea. After background correction, all images were registered using a custom software program (MATLAB; MathWorks, Natick, MA) and averaged. The location of individual cones was measured using an automated algorithm, which also allowed manual addition or subtraction of cones missed or selected in error by the algorithm. 13, 14 Spectral Domain Optical Coherence Tomography. For all subjects, volumetric images of the macula were obtained using high-definition optical coherence tomography (Cirrus HD-OCT; Carl Zeiss Meditec, Dublin, CA). Volumes were nominally 6 mm ϫ 6 mm and consisted of 128 B scans (512 A scans/B scan). Retinal thickness was calculated using the built-in macular analysis software (software version 5.0), which is automatically determined by measuring the difference between the inner limiting membrane (ILM) and retinal pigment epithelium (RPE) boundaries. In three subjects (JC-071, JC-160, JC-161), high-resolution spectral domain optical coherence tomography (SD-OCT) images of the macula were acquired (Bioptigen, Research Triangle Park, NC). High-density line scans (1000 A scans/B scan, 100 repeated B scans) were acquired through the foveal center. Line scans were registered and averaged to reduce speckle noise in the image as previously described. 15 Volumetric images were also acquired (1000 A scans/B scan, 100 B scans/volume) to aid in aligning the line scan to the fundus image (Fig. 1) . In the fourth subject (RB-1002), high-resolution SD-OCT images of the macula were obtained using another SD-OCT system (Spectralis; Heidelberg Engineering, Heidelberg, Germany). The lateral scale of all OCT data sets was corrected for interindividual differences in axial length (Zeiss IOL Master; Carl Zeiss Meditech, Dublin, CA). Foveal pit morphology was assessed based on a previously published algorithm (MATLAB; MathWorks, Natick, MA). 16, 17 Longitudinal reflectivity profiles (LRPs) were obtained as previously described. 18 Using the LRP analysis, we assessed the inner segment (IS) and outer segment (OS) length at the fovea. IS length was defined as the peakto-peak distance from the external limiting membrane (ELM) to the IS/OS, while OS length was defined as the peak-to-peak distance from the IS/OS to the first peak in the RPE complex (RPE1). 18 We have shown previously that these definitions result in IS and OS measurements that match those obtained from histology. 18, 19 For SD-OCT layer analysis, we analyzed a normative database collected at the Medical College of Wisconsin. This database has been previously published in part 13, 18 and consists of 167 individuals (72 male, 95 female), with an average age of 32.6 Ϯ 15.4 years (range 7 to 60 years).
RESULTS
Adaptive Optics Imaging
Reduced Cone Density in Oligocone Trichromacy. The two brothers (JC-160 and JC-161) and adult female (RB-1002) had significantly disrupted cone mosaics (Fig. 2) . The cone density measured at ϳ1°temporal to the fovea was markedly reduced in all three subjects: 11,775 cones/mm 2 (JC-160), 25,225 cones/mm 2 (JC-161), and 14,848 cones/mm 2 (RB-1002) (Fig. 2) . Normal cone density at this location has been shown previously to be 49,555 cones/mm 2 (SD Ϯ 8707 cones/ mm 2 ). 13 For reference, a normal age-matched retina is shown in Figure 2A (Fig. 6 ) and AO montages (Fig. 3) . obvious cone structure could be seen outside the central fovea in either brother or the female patient, with the imaged locations having few (if any) waveguiding cones.
Altered Cone Density Topography in Oligocone Trichromacy. The averaged images from different locations around the central fovea were stitched together to produce a larger montage for each of the two brothers and adult female (Fig. 3) . Normal peak foveal cone density is 180,000 cones/mm 2 . 20 The peak cone density measured in the normal retina shown in Figure 3A was 88,320 cones/mm 2 , measured at ϳ0.25°(it was not possible to resolve the cones at the very center of the fovea due to an even higher density). In both brothers and the adult female, the cone mosaic was found to be discontiguous and of dramatically reduced density: JC-160 (peak density ϭ 32,143 cones/ mm 2 ), JC-161 (peak density ϭ 29,281 cones/mm 2 ), and RB-1002 (peak density ϭ 27,143 cones/mm 2 ). In addition, cone density was relatively uniform, in stark contrast to the rapidly changing density profile observed in normal eyes at this retinal location (Fig. 3A) . These findings indicate that, in these three patients, both cone density and cone distribution are significantly disrupted.
Normal Cone Density in Oligocone Trichromacy. It is noteworthy that despite JC-071 having marked nystagmus, images of the cone mosaic could be acquired owing to the high-speed nature of the AO camera used. However, because of the nystagmus, we were not able to accurately place these images with a high degree of certainty within the context of the fundus image. As such, the estimates of cone density in these images cannot be assigned to a specific retinal location. Nevertheless, it is clear that the cone density was variable across the central retina in this patient, in direct contrast to the other three patients (Fig. 4) . Cone density ranged from 18,491 cones/mm 2 to 57,779 cones/mm 2 (Fig. 4) . In addition, also unlike JC-160, JC-161, and RB-1002, the cone mosaic was contiguously packed at all imaged locations (Fig. 4) . These images fail to reveal any structural basis for the cone dysfunction observed in JC-071.
Spectral Domain Optical Coherence Tomography
SD-OCT images were obtained in all four patients (Figs. 5, 6, and 7) . Retinal thickness was generally reduced in all four patients, though to a lesser extent in JC-071 and RB-1002 (Fig. 5) . The relatively increased retinal thickness in the central subfield of JC-071 appears to be a result of a shallower foveal pit, with foveal pit depth being Ͼ3 standard deviations below the mean foveal pit depth observed in Caucasian subjects. 17 This shallowing may be related to the bilateral epiretinal membranes observed on imaging. Despite the abnormal foveal morphology and significant retinal thinning in many of the ETDRS segments for JC-071, all retinal layers were present and continuous (Figs. 6 and 7) . In direct contrast, in the two brothers (JC-160 and JC-161) and female patient (RB-1002), retinal thickness was reduced (Fig. 5) , and the outer segment/retinal pigment epithelium layer (RPE1) was absent in the periphery and mottled at the fovea (Figs. 6 and  7 ). In addition, in these three patients, the junction between the inner and outer segments of the cone photoreceptors was disrupted in the peripheral macula, showing reduced reflectivity relative to the foveal IS/OS junction (Fig. 6 ). As the IS/OS junction has been shown to have wave-guide properties consistent with the classical Stiles-Crawford effect, 21 the diminished intensity of the IS/OS observed here is in keeping with our observation that no obvious cone structure could be seen outside the central fovea in either brother or the female patient using AO imaging.
Using an LRP analysis, all four patients had normal IS lengths; however, JC-160, JC-161, and RB-1002 had significantly reduced OS lengths (Fig. 7) . The apparent thinning of the OS layer could be due to the reduced number of waveguiding cones at this location and/or a true reduction in OS length. For segmentation analysis, we defined the ILM, outer plexiform layer (OPL), ELM, and RPE2 layers, to calculate total retinal thickness (ILM-RPE2), inner retinal thickness (ILM-OPL), and outer nuclear layer (ONL) thickness (OPL-ELM) (Fig. 8) . Consistent with the topographical thickness maps in Figure 5 , we observed a marked reduction in total retinal thickness in the two brothers and female subject and a significant thinning of the nasal retina in JC-071 (Fig. 8) . Importantly, central retinal thickness was preserved in JC-071, but reduced in JC-160, JC-161, and RB-1002. Further examination showed that the two brothers and female subject had a reduced ONL thickness (Fig.  8B ) but normal inner retinal thickness (Fig. 8C) . Thus the overall reduction in retinal thickness can be attributed to both reduced ONL thickness and reduced OS length in these individuals. However, in marked contrast to these three patients, JC-071 had relative preservation of central ONL thickness and significant thinning of the inner retina near the optic disc ( Fig.  8B and 8C ).
DISCUSSION
In this study we have probed the underlying structural basis of OT in an attempt to shed light on the pathogenesis and phenotypic variability reported in the disorder. In three patients in our series, the uniform reduction in cone density in association with a reduced ONL thickness is consistent with the hypothesis that OT is characterized by a reduced number of cones. The fact that these patients retain near-normal trichromatic color vision indicates that the remaining cones visible on AO imaging are indeed functional.
However, in the remaining unrelated male subject, both cone density and cone distribution appeared unperturbed, suggesting that, unlike the three other patients in our study, dysfunctional cones underlie the phenotype observed in this patient. Interestingly, a single heterozygous missense mutation in CNGB3, p.R403Q, has been previously identified in this patient 7 , whereas no underlying mutations were identified in previously described candidate genes in the other three patients (Table 1) . Mutations in CNGB3, the gene coding for the ␤-subunit of cone photoreceptor cGMP-gated cation channels, are commonly associated with achromatopsia. 1 However, to date, this particular variant has been identified only in progressive cone dystrophy (PCD), both as a compound heterozygous mutation in association with p.Thr383fs, and in the homozygous state. [22] [23] [24] There has been no clinical evidence of progression in any of the subjects in our study. It would be of interest to image the 18 To generate plots with a higher signal-to-noise ratio to enable easier peak detection, each plot represents an average of three neighboring LRPs centered at the foveal pit center. The foveal pit is markedly shallower than normal in JC-071, whose retinal thickness was also reduced, although all retinal layers can be identified and appear to be continuous. In contrast, in JC-160, JC-161, and RB-1002, the OS/RPE layer is absent in the periphery and mottled at the fovea. The junction between the IS and OS of the cone photoreceptors is also disrupted in the peripheral macula relative to the fovea. Scale bar, 200 m (vertical and horizontal), with the horizontal scale calibrated on the basis of axial length differences. mosaics of subjects with PCD who harbor this mutation, to help shed light on the pathologic mechanisms associated with this variant.
The identification of only single heterozygous missense variants in both the aforementioned subject and other patients from the same original OT molecular study, 7 including a novel heterozygous missense mutation in another phototransduction-related gene, PDE6C, renders their significance currently uncertain. Biallelic mutations in PDE6C have been reported as a rare cause of achromatopsia (complete and incomplete) and PCD. 25 These patients may represent carriers for mutant CNGB3 and PDE6C alleles, respectively, with disease caused by mutations in another gene(s). It is also of interest that the mosaics seen in patients with achromatopsia are unlike those seen in the patients described herein. 26 Mutations in RGS9 or R9AP have been reported in patients with a phenotype similar to OT, but such subjects have characteristic electrophysiological findings, which were not seen in our patients. 27 In addition, neither of the brothers in this study were found to harbor mutations in RGS9 and R9AP. 27 Individuals with RGS9-or R9AP-associated retinopathy have cone mosaics that appear unlike those observed in the two brothers or female subject described in our study (Carroll, unpublished data) . The identification of the major disease-causing genes in OT remains elusive, though it seems likely that the variable structural findings reflect underlying genetic heterogeneity.
The two groups of subjects described in our study (reduced cone number density versus normal cone mosaic) are difficult to discern on the basis of clinical phenotypic features alone. Quantitative high-resolution imaging may thereby prove to be an effective way of classifying subjects with cone dysfunction and normal color vision into OT and OT-like phenotypes, which may be useful in directing molecular genetic testing. Imaging further patients who have had a comprehensive candidate gene analysis will help to establish the validity of this proposal. Furthermore, the quantitative retinal imaging approach described herein may also help to shed light on the cellular basis of the phenotypic variability commonly observed in other inherited retinal disorders. 
